Introduction
Cyclobuta-1,3-diene is the smallest [n]-annulene compounds with the chemical formula C4H4.
Firstly, it was prepared by Rowland Pettit et al. in 1965 [1] . This molecule has low stability due to its angle strain factors and antiaromaticity of its molecular structure [2] . Low stability of the cyclobutadiene contributes to its high reactivity and short lifetime [3] . Various sources claimed that the pi electrons of cyclobutadiene system are not conjugated [4] . The energy of this system is higher than that of the 1,3-butadiene system. So, this molecule is a nonaromatic compound [5] . At high temperatures, two units of this compound react together by Diels-Alder reaction and composed a dimerized molecule [6] . The free cyclobutadiene is a transient intermediate. So, this molecule participates as a ligand in various organometallic compounds such as cyclobutadiene tricarbonyl complexes [7] . As another application of this molecule, it is a part of different medicine structures [8] . In recent years, many scientists had tried to solve the instability and antiaromaticity problems of this annulene by entering silicon atoms in the structure of cyclobutadiene [9, 10] . This comes back to the weakness and high reactivity of silicon pi bonds. The second reason is the high polarity of silicon atoms [10, 11] . So, one can hope that the silicon analogs of this molecule would have had more applications than cyclobutadiene compound. In last decades, various attempts were done for preparation of these analogs [7] [8] [9] [10] [11] , but its chemistry is very novel and needs more researches to complete the understanding their structures and applications. So, the present study aims at providing some useful information about the structural and spectral properties, reactivity, and natural bond orbital (NBO) population analysis of the cyclobutadiene molecule and its silicon analogs. Our studies are based on density functional theory (DFT) computations. Therefore, I hope this study will be a big window to the world of the silicon analogs of [4] -annulene.
Computational methods
In this study, the quantum mechanical computations [12] [13] [14] [15] [16] [17] [18] were used and the molecular structure of the mentioned compounds were optimized using density functional theory (DFT) method (B3LYP functional) with 6-311++G(d,p) basis set of theory by the Gaussian 03W program package [19] [20] [21] [22] . Also, the ChemBioDraw Ultra 13.0, GaussView 6.0.16 and GaussSum 3.0 programs were used for drawing molecules, visualizing molecular structures and obtaining spectral graphs, respectively. After optimizing the structures, the vibrational frequencies were computed for all molecules. It had not seen any imaginary frequency for all compounds. So, it proves the accuracy of our computations.
Results and discussion
Structural study of molecules Scheme 1 indicates the molecular structures of cyclobuta-1,3-diene (CCCC), silete (SCCC), 1,2-disilete (SSCC), 1,3-disilete (SCSC), trisilete (SSSC) and tetrasilete (SSSS) compounds. The geometry of these molecules were optimized by B3LYP/6-311++G(d,p) basis set of theory. The optimized structures of the mentioned compounds are shown in Figure 1 . It's easy to see that changing the carbon atoms by silicon atoms causes the disturbing of the regular molecular structures. As seen in Figure 1 , the pi bonds of two compounds CCCC and SCCC are not conjugated. Also, the structure of other molecules is twisted. So, all studied molecule structures cannot be antiaromatic. Table 1 presents the bond lengths data of the studied molecules. It is seen two types of C-C bonds for CCCC molecule with 1.333 and 1.577 Å bond lengths. This shows the non-aromaticity property of this molecule. Other molecules indicate different C-C, C-Si and Si-Si bond lengths too. So, it can be understood that, the pi bonds in our selected molecules are not conjugate. Table 2 similar to Table 1 proves the non-armaticity property of the molecules. We can see the bond order (B.O.) of C-C, C-Si and Si-Si bonds in Table 2 . For instance, the C-C bonds of CCCC molecular structure do not reveals the unique bond order. The Si-Si bond orders of SSSS molecule are 1.012 Å and 1.272 Å. Based on these data (bond lengths and bon orders), the both carbon and silicon analogs of cyclobutadiene molecule have twisted and non-aromatic structures. As can be seen in Table 3 , the summation of sigma and pi bond orders of ring is reduced by replacing of silicon atoms with carbon atoms in the studied molecules. This happens because of the electropositive property of silicon atoms. This factor indicates the non-aromaticity property of the molecules too. Another factor for study of aromaticity of unsaturated rings is nucleus independent chemical shift (NICS) character [23] [24] [25] .
The positive and negative NICSs show the antiaromaticity and aromaticity properties of a compound, respectively. The computed NICS data of all molecules are collected in Table 4 . From these data, the CCCC, SCCC and SCSC structures are antiaromatic. In contrast, the SSCC, SSSC and SSSS structures are aromatic compounds. While we saw all compounds are non-aromatic molecules. So, this factor cannot be used for expression of aromaticity property of the selected molecules.
Global and local reactivity of molecules
It is well known that global reactivity indices defined within conceptual DFT is a powerful tool to explain reactivity and the molecular properties. Consequently, global hardness (η), electronic chemical potential (µ), electronegativity (χ), global softness (S), nucleophilicity index (N), and electrophilicity index (ω) for the all compounds were calculated using the following equations [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] :
The data of global reactivity calculations for all molecules are collected in Tables 5. Stability of molecules is relative to the frontier orbitals (HOMO and LUMO) energies of them. The compounds with high HOMO-LUMO energies gap are more stable than the molecules with low HOMO-LUMO energies gap. From the global hardness data, the stability order of the molecules is: SSCC > CCCC > SSSC > SSSS > SCCC > SCSC. We can see from this order that the SCSC molecular structure has the lowest stability and the highest reactivity among all compounds. Also, the reactivity of SSSS molecule is more than the CCCC compound. On the other hand, the electrophilisity property order of the molecules is: CCCC > SSCC > SSSC > SCCC > SCSC > SSSS. This order indicates the replacing silicon atoms instead of carbon atoms in molecular structure of cyclobutadiene molecule reduced the electrophilicity property of the compound. Figure 2 demonstrates the density of states (DOS) plots of the molecules. As can be seen in the DOS plots; all molecules have more HOMO frontier orbitals than LUMO orbitals. So, all compounds prefer to react with nucleophiles. Table 6 presents the natural charges data of the atoms of the structures. We see the carbon and silicon atoms show negative and positive charges on themselves. In CCCC molecule, all four carbon atoms show unique negative natural charge. So, only electrophiles can attack to this structure. In contrast, the other molecules can react with both electrophiles and nucleophiles. The electrophiles attack to carbon atoms and nucleophiles show tendency to react with silicon atoms. Also, the four silicon atoms of SSSS molecular structure have not unique reactivity with active nucleophiles and electrophiles.
Spectral study of molecules
There are several spectroscopic techniques which can be used to identify the organic molecules: infrared (IR), mass spectroscopy (MS) UV-Visible spectroscopy (UV-Vis) and nuclear magnetic resonance (NMR) [26] . IR, NMR and UV-Vis spectroscopy are based on observing the frequencies of electromagnetic radiation absorbed and emitted by molecules. The NMR technique is a good method for identification of the structure of the organic compounds [27] . The 1 H, 13 C and 29 Si chemical shifts of the studied molecules are listed in Table 7 . As can be seen, the chemical shifts of all 1 H and 13 C nucleuses of cyclobutadiene structure are 5.9 and 147.4, respectively. This is happened because of the planar structure of cyclobutadiene molecule. On the other hand, we see various chemical shifts for these atoms when silicon atom entered instead of carbon atom in the structure. In previous sections, we saw the structure of molecules is twisted by entering silicon atom. So, the atoms feel different magnetic field and because of this reason the 
Natural bond orbital (NBO) study of molecules
In quantum chemistry, a natural bond orbital or NBO is a calculated bonding orbital with maximum electron density [28] [29] [30] . The analysis of natural bond orbitals (NBOs) population of bonds can give us more important information about the structure of unknown molecules. Table 8 has collected the data of the NBO population analysis of the bonds of the selected molecules. It can be seen from the data, in CCCC molecular structure, carbon atoms participate with more p orbitals in C-C bonds than C-H bonds. It happens because of the angular pressure of the cyclobutadiene ring. By entering the silicon atoms instead of the carbon atoms in molecular structures, low p orbitals of carbon atoms are participated in C-C and C-Si bonds. In these structures the angular pressure of rings reduces because the covalent radius of silicon atom is bigger than the carbon atom. Also, the carbon atoms that are connected to the silicon atoms participate with more p orbitals in C-H bonds than carbon atoms that are connected to other carbon atoms. So, these hydrogen atoms have lower acidity than others. On the other hand, the lowest acidity is related to the hydrogen atoms of Si-H bonds. Another important subject is related to the silicon atoms. These atoms use d orbitals in construction of bonds with other atoms. So, more silicon atoms in one structure cause more twisted structure. 
Conclusions
The main goal of this study is study of the structural and spectral properties and reactivity of the silicon analogs of cyclobutadiene compound. The study was conducted based on the quantummechanical computations. All the selected molecules were optimized by B3LYP/6-311++G(d,p) basis set of theory. From the computations and mathematical calculations, the following conclusions were drawn.
1. All studied molecule structures can't be antiaromatic and they are non-aromatic compounds.
2. The SCSC molecular structure has the lowest stability and the highest reactivity among all compounds.
3. The reactivity of SSSS molecule is more than the CCCC compound.
4. The replacing silicon atoms instead of carbon atoms in molecular structure of cyclobutadiene molecule reduce the electrophilicity property of the compound.
5. All compounds prefer to react with nucleophiles.
6. The electrophiles attack to carbon atoms and nucleophiles reveals a significant tendency to react with the silicon atoms.
7. The four silicon atoms of SSSS molecular structure have not unique reactivity with active nucleophiles and electrophiles.
8. The stretching vibrations of C-H and Si-H appear at the frequency range of 3000-3300 and 2000-2200 cm -1 , respectively.
9. The HOMO/LUMO electronic transitions of cyclobutadiene and its silicon analogs happen at about 470-490 nm wavelengths.
10. The nucleuses with electron deficiency are seen at high chemical shifts. In contrast, the lowest chemical shifts are belonged to the nucleuses with surplus electron.
11. Carbon atoms participate with more p orbitals in C-C bonds than C-H bonds.
12. Low p orbitals of carbon atoms are participated in C-C and C-Si bonds by entering the silicon atoms instead of the carbon atoms in molecular structures, 13 . The lowest acidity is related to the hydrogen atoms of Si-H bonds.
14. The Si-C-H hydrogen atoms have lower acidity than the C-C-H hydrogen atoms.
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